We investigated alginate oligosaccharide (AOS) as a simple growth promoter of Spirulina. The maximum growth promotion effect of 1,000 ppm AOS was 3.68-fold higher than that of control at 8 days of batch culture.
Growth Promotion Effect of Alginate Oligosaccharides on Spirulina
Analyzed by Repeated Batch Culture (Received January 17, 2017) We investigated alginate oligosaccharide (AOS) as a simple growth promoter of Spirulina. The maximum growth promotion effect of 1,000 ppm AOS was 3.68-fold higher than that of control at 8 days of batch culture.
Biomass productivity and contents of metabolites, such as phycocyanin and protein, increased with repeated batch feeding of AOS. Highest biomass productivity of 168 mg L This study aimed to investigate the effects of AOS on the growth and metabolites of Spirulina.
Materials and Methods

Materials
Arthrospira platensis (Nordstedt) Gomont NIES-39 strain was purchased from the National Institute for Environmental Studies, Tsukuba, Japan.
AOSs were purchased from Hokkaido Mitsui Chemical Co. Ltd. Those with average molecular weight <3,000 Da were derived by the enzymatic degradation of alginate.
Cultivation
A. platensis was cultivated in 300 mL f lasks containing 100 mL of Spirulina-Ogawa-Terui (SOT) medium with the following composition (mg L −1 ): NaHCO3, 16,800; K2HPO4, 500; NaNO3, 2500; K2SO4, 1,000; NaCl, 1,000; MgSO4·7H2O, 200; CaCl2·2H2O, 40; FeSO4·7H2O, 10; Na2EDTA·2H2O, 80; H3BO3, 2.86; MnSO4·5H2O, 2.5; ZnSO4·7H2O, 0.22; CuSO4·5H2O, 0.08; Na2MoO4·2H2O, 0.02.
AOSs dissolved in distilled water as stock solution and autoclaved (121 °C, 20 min) were aseptically added to SOT medium to provide a final AOS concentration of 50-10,000 ppm for batch culture. In case of repeated batch culture, 90% of medium was replaced with fresh medium containing 1,000 ppm AOS every 8 days. A. platensis was cultivated under the following conditions: a light intensity of 7,000-9,000 lux for batch culture and 6,000 lux for repeated batch culture using a white fluorescent lamp with a 12 h light/12 h dark cycle and a temperature of 25 °C. All flasks were cultured in static conditions and were shaken by hand twice a day.
Cell growth
Cell growth in the batch culture was determined by measuring the optical density at 750 nm (OD750nm) using spectrophotometer (UV-vis 1200, Shimadzu, Japan). Cell growth in the repeated batch culture was determined by measuring the dry weight of the biomass. Algal suspension of 5-10 mL was filtrated using a filter paper (GC-50, ADVANTEC) and was washed with 5 mL distilled water once. The filter paper was oven dried at 105 °C for 2 h and was placed in a desiccator for 1 h before measuring the weight. Biomass weight was calculated by subtracting the dry weight of the blank filter paper.
Metabolite analysis
Chlorophyll a and phycocyanin were repeatedly extracted using 80% acetone and 0.01 M potassium phosphate buffer of pH 7.8, respectively. Phycocyanin and allophycocyanin contents were determined using the method reported by Bennett and Bogorad 14) . Pigment contents were determined by measuring their absorbance at 615, 652, and 663 nm using spectrophotometer (UV-vis 1200, Shimadzu).
The filtered biomass was grinded using mortar and pestle.
Its protein was extracted by salting out with 1M NaCl and was stored at 5 °C before measurement. Protein contents were determined using the method reported by Bradford 15)
.
Statistical analysis
All experiments were performed in triplicate, and data are presented as average ± standard deviation. Data from batch experiments were statistically analyzed using
Kruskal-Wallis test with the level of significance p < 0.05.
Data were compared using post-hoc analysis, followed by
Mann-Whitney U test with the level of significance p < 0.05.
Data from repeated batch experiments were statistically analyzed using F test, followed by Student's t-test.
Results and Discussion
Growth promotion effect of AOS on A. platensis
AOS promoted A. platensis growth. Fig. 1 shows the relative growth promotion ratio of A. platensis with various . No inhibitory effect of AOS on Nannochloropsis was observed even when it was exposed to high concentration of copper, which is a source of oxidative stress 13) . The radical-scavenging activity of AOS is reported to be equivalent to that of ascorbic acid 19) .
As enzymatically degraded alginic acid has been shown to exhibit approximately 2-fold higher growth promotion than hydrolytic degradation products, the chemical structure of AOS is considered to be related 7) . If AOS is derived from enzymatic degradation with more reducing ends for radical-scavenging capacity, considering that the growth stimulation by AOS is related to antioxidation is reasonable. to understand the growth promotion mechanism of AOS, which is considered to be different from that of glucose.
Effect of AOS to A. platensis metabolites
Repeated batch feeding of AOS enhances biomass productivity and metabolite contents
Biomass productivity and metabolite contents were enhanced by repeated batch feeding of AOS. Table 1 summarizes biomass productivity and metabolite contents during repeated batch culture. Biomass productivity was always higher than that of control, which further increased from the first to third stage of repeated culture by adding 1,000 ppm AOS. The contents of metabolites, such as pigments and proteins, also increased. The contents of commercially valuable pigments, such as phycocyanin and allophycocyanin, and protein were maximum at the second stage of repeated culture after adding 1,000 ppm AOS.
However, protein concentration decreased, although not significantly, at the third stage of batch culture, probably due to nitrogen depletion. A correlation between the decrease in phycocyanin content and nitrogen depletion was . Benvenuti et al. reported that tri-acyl glycerol productivity of Nannochloropsis is higher with batch culture than with repeated batch culture, which could be because of the lack of photosynthetic capacity due to nitrogen . The biomass productivity of fed-batch culture using urea as nitrogen source was also reported 24) . Further, biomass productivity was reported to be higher with a shorter culture period of 6 days (109 mg L . A common disadvantage of growth enhancement by chemical substances is the additional cost. Therefore, an advantageous option for scaleup would be the addition of AOS for considerably high biomass productivity.
Conclusions
The applicability of AOS as simple growth promoters of A. platensis was successfully demonstrated in this study.
The maximum growth promotion effect of 1,000 ppm AOS was 3.68-fold higher than that of the control at 8 days of batch culture. Biomass productivity and contents of metabolites, such as phycocyanin and protein, were also enhanced by repeated batch feeding of AOS. A biomass productivity of 168 mg L −1 d −1 achieved at the third stage of repeated batch culture was the highest reported to date.
Future studies using nitrogen supplementation during repeated batch culture and pH control with CO2 capture are warranted to further improve biomass productivity.
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